Currently the soybean crop is affected by the white mold (Sclerotinia sclerotiorum). The disease can reduce the crop yield and quality and decrease the prices of agricultural lands. The aim of the current research was to assess epidemiology of white mold on soybean crop grown at Arapoti, PR, Brazil, utilizing data related to agricultural practices and local meteorological factors. The experiment was conducted in a naturally infested area. The soybean crop was sown on October 18th, 2011. The experimental design adopted herein was a randomized block in a factorial combination with 4 row spacings (0.35, 0.45, 0.60, 0.75 m) and 4 plant populations (150, 200, 250, 300 thousand plants per hectare) and 4 replications. The temporal analysis of the epidemic was evaluated using mathematical models, such as Logistics, Monomolecular and Gompertz, in order to determine the best model that described the progress of the disease as a function of local meteorological elements. For the incidence data it has been shown that both logistic and monomolecular models were those that were best fitted to the experimental data. For severity, the best model related to the experimental data was the logistic one. Either for incidence or for severity, air temperature was considered to be the environmental factor most affecting the progress of the disease. The variability in the apparent infection rates of white mold on soybean was not affected by different row spacings and plant populations; therefore, suggesting that macroclimatic variations prevailed in such a fashion to mitigate the effect of cultural practices adopted in the field.
Material and Methods
The experiment was carried out throughout the summer season of 2011-2012 in a naturally infested area located at Arapoti, in the region of Campos Gerais in the state of Parana (Alt. 966 m, Lat. 24˚16'S and Long. 50˚06'W), Brazil. The soil type of the experimental area is Rhodic eutrophic (Alfisol CEC 0-10 cm = 8.98 cmol•dm −3 ; organic matter 0-10 cm = 30.89 g•dm −3 ). The local climate is classified as the Cfb type-humid subtropical climate according to Köppen's classification [14] .
Shortly before the installation of the experiment in the field, four distinct points were collected at random with an area of 0.25 m 2 at a depth of 0.05 m to determine the amount of sclerotium in the experimental area, which was equivalent to 31 sclerotium per square meter of land [3] .
At the field trial, the soybean cultivar that was chosen was BMX Apolo RR® (indeterminate growth, and maturation stage of 5.5). This type of genotype is susceptible to white mold and it is considered to have a super precocious cycle. The sowing date was October 18 th , 2011. Throughout the crop growing season, all the conventional cultural practices were adopted in compliance with the recommendation of experts, except concerning the application of chemical products to control white mold.
The experimental design adopted was a randomized block distributed in a factorial combination with 4 row spacings (0.35, 0.45, 0.60, 0.75 m) and 4 plant populations (150, 200, 250, 300 thousand plants per hectare), totaling 16 treatments with 4 replications. The experimental units were comprised of twelve rows with a length of 10 m and varying width, with spacing as a consideration.
At the experimental area, an automatic weather station from Campbell Scientific, Inc., was installed in order to monitor the local meteorological data. The sensors of this weather station were responsible for the measure-ment of global solar radiation (Rg), precipitation (P) air temperature (T) and air relative humidity (RH) on a daily basis. All sensors were connected to a data logger, model CR-1000®, from Campbell Scientific, Inc., that by means of a PC208W® program for Windows® environment was programmed to perform readings with a frequency of 60 seconds, and storing averages every 15 minutes.
In order to estimate leaf wetness duration (LWD), a series of data collected by a HMP45C (Temperature and Relative Humidity Probe) sensor was used. The estimation method to assess LWD considers the number of hours with a relative humidity above 90% (NHRH > 90%) [15] .
The assessments of incidence and severity were performed from the phenological stage R1, culminating with the beginning of flowering. From the R1 stage, the following dates for the assessments of incidence and severity were chosen during 2012: January 12 th (phenological stage R3), January 25 th (phenological stage R5.1), February 10 th (phenological stage R5.3) and February 24 th (phenological stage R5.5). Among the aforementioned dates only the first one was not utilized for statistical and epidemiological analyses, since there were no infection symptoms on the assessed plants in the field at that date, furthermore, in the period between R1 and R3 disease were also not found at the experimental site.
For the assessment of the incidence of disease, the criterion was based on the percentage of infected plants per plot. In order to quantify the severity of white mold, a diagrammatic scale proposed by Juliatti et al. [16] was used.
Epidemic temporal analysis of white mold on soybean were performed from the incidence plotting at each assessment, and accumulated severity data throughout the evaluations as a function of time, constructing then progress curves of the disease, which were analyzed by the fitting of the experimental data to the following regression models: logistic, monomolecular and Gompertz [11] .
The choice for the best model was made on the plotting of the standard residue obtained by the difference between the observed and predicted disease, taking into consideration the coefficient of determination in conjunction with the simple linear regression equation, along with the existence or not of standards in the residues graph versus predicted values of the disease [10] [17] [18] . Moreover, for comparison between observed and predicted data of the disease the following statistical indices were adopted herein: mean absolute error (MAE) and root mean square error (RMSE).
A simple linear regression analysis was performed between meteorological variables and white mold progress rates from the mathematical model that better depicted the progress of the disease. Values of the Pearson correlation coefficient were utilized for identification of that variable which showed a larger variability proportion with the rate of apparent progress of the disease [19] .
Results
Throughout the study on the progress of white mold on soybean crop three linearization transformations were employed, such as logistic, monomolecular and Gompertz. In order to determine the transformation that provided the best fit to the experimental data the proportion of incidence and severity of observed and estimated white mold by the logistic, monomolecular and Gompertz were correlated, taking into account different row spacings and plant populations.
For the incidence data of white mold on soybean crop the models that better corresponded to the experimental data were the logistic and monomolecular. Out of the 16 different treatments utilized in the current research 11 had the logistic model showing the highest coefficients of determination, whereas in the remaining five treatments, the experimental data correlated to the monomolecular model ( Table 1) .
According to Harikrishnan & Del Rio [4] , Mila et al. [7] and Weiss et al. [20] the progress of the disease caused by the S. sclerotiorum fungus on soybean crop was better represented by the exponential and logistic models as a function of time. On the other hand, in the current study we noticed that, taking into consideration the values of MAE and RMSE, the monomolecular model better depicted the progress of the disease in the field ( Table 2 ). The mean coefficient of determination obtained by the monomolecular model under the incidence data of white mold for the different treatments was of 0.64. These differences about the best model to describe the epidemiology of white mold is conditioned by the susceptibility of the soybean cultivar used and also by the weather conditions during the growing season. Table 1 shows the coefficients of determination along with linear (y 0 ) and angular (r) coefficients by means of the simple linear regression between incidence of the transformed disease and time. Linear coefficient represents the initial inoculums of the disease, whereas angular coefficient of the regression equation depicts the Moreover Table 1 illustrates the coefficients of determination, linear and angular coefficients of the simple linear regression equation obtained between the observed and estimated white mold severity from the logistic, monomolecular and Gompertz models under different row spacings and plant populations of soybean plants grown at Arapoti, PR, Brazil.
The logistic model showed the best fit for 15 out of 16 treatments proposed in the field trial, revealing a mean coefficient of determination corresponding to 0.971 ( Table 1) . The apparent mean infection rate (unity•day −1 ) for the disease severity data obtained under the different levels of spacing and plant population was of 0.157 unity•day −1 ( Table 1) . Values of apparent infection rate varied from 0.103 to 0.321 unity•day −1 . The apparent infection rate variation is ascribed to variations in the spacing and plant population treatments.
The choice for the logistic model to most accurately reflect the severity data of white mold on soybean crop has been confirmed by analyzing the residue graphs obtained by the difference between observed and predicted disease severity, as well as by means of MAE and RMSE ( Table 2) . Table 3 and Table 4 demonstrates the coefficients of Pearson correlation, linear and angular coefficients of the linear regression equation between the climatic factors and the rate of apparent infection of the disease (incidence) in soybean plants grown under four different row spacings and four plant populations at the municipality of Arapoti, PR, Brazil.
Mean air temperature showed the highest Pearson coefficients (R) ( Table 3) , with mean values of 0.64 along with a low mean standard deviation (0.06) and a low coefficient of variation (10%). There were no effect of spacings and plant populations over the Pearson coefficients. Local meteorological variables, such as TMin, TMax and Rg were related to mean values of R corresponding to 0.37, 0.41 and 0.33, respectively.
All Pearson coefficients obtained among the meteorological variables RHMean, RHMin, RHMax, P and LWD and the apparent infection rate of the white mold incidence data were quite low (0.06, 0.07, 0.20 and 0.08 for RHMean, RHMin, RHMax and LWD, respectively ( Table 4) . Table 2 . Mean absolute error (MAE) and root mean square error (RMSE) calculated from the incidence and severity data of white mold obtained by the logistic, monomolecular and Gompertz models under the different adopted treatments. Table 5 and Table 6 point out the Pearson´s coefficients of correlation, linear and angular coefficients of the linear regression equation between the climatic factors and the rate of apparent infection of the disease (severity) in plants of soybean under four different row spacings and four plant populations in the municipality of Arapoti, PR, Brazil.
Incidence Data Severity Data
Mean air temperature affected more significantly the development of the fungus than any other environmental variables taken into account in this regression analysis study. For severity data TMax showed a high mean value of R (0.75). As opposed to TMean, TMax, the variables TMin and Rg had a low correlation with severity of white mold on soybean crop. R coefficients obtained for Tmin and Rg and the apparent infection rate was of 0.11 and 0.08, respectively ( Table 5) .
Mean values of R obtained among RHMean, RHMin, RHMax, P and LWD and the apparent infection rate were of 0.21, 0.26, 0.20, 0.08 and 0.27, respectively ( Table 6 ).
Discussion
According to Jeger [6] , the coefficient of determination linked to the linear regression equation between observed and predicted disease data is not sufficient to determine the model that better fits the experimental data in production fields. Thus, besides the values of R 2 a residue graph obtained by the difference between observed and predicted disease data is necessary in conjunction with data dispersion analysis, expressed by the statistical parameters MAE and RMSE.
The monomolecular model takes into consideration that the increasing speed of the disease is proportional to the initial inoculums, which in turn is constituted by sclerotia present in the soil. This particular model also considers that disease incidence on soybean crop will be related to the germination of such resistance structures producing apothecia, which will release ascospores in the air in such a way as to comprise the main via of infection of the pathogen. The large variation of R 2 values might be associated with possible differences in the concentration of inoculums present in the soil. A likely explanation for the low values of R 2 is related to variability of the disease incidence as a function of different row spacing and plant population treatments ( Table 3 ). In compliance with Harikrishnan & Del Rio [4] , the accuracy of the epidemiological models is reduced by the variation in observed values of incidence obtained in soybean production fields. The aforementioned authors report that accuracy of different models is high when the incidence of white mold is above 20% for soybean plants. Low values of R 2 obtained from epidemiological analysis might be ascribed to the pathogen behavior and also to morphological aspects of the plants. However, among the most used models that study the progress of epidemics in plants exponential, monomolecular, logistic and Gompertz should be taken into account. Such models at first were not developed for phytopathological purposes and turn out to be theoretical models based on premises that do not always reflect nature [10] [17] .
By analyzing the severity data the logistic model showed the best fit for 15 out of 16 treatments proposed in the field trial, revealing a mean coefficient of determination corresponding to 0.971. Such a high accuracy indicates that 97.1% of the severity variations or fluctuations in the progress curves of white mold on soybean crop might be explained by the logistical model obtained herein. Nevertheless, such a high accuracy for the logistical model indicates that such a model also has high reliability in predicting white mold on soybean crop grown under different row spacings and plant populations at the site in study, and also influenced by weather conditions. According to Harikrishnan & Del Rio [21] , Mila et al. [7] and Weiss et al. [20] the progress of the disease caused by the S. sclerotiorum fungus on soybean crop can be better represented by exponential or logistic models as a function of time. Mila et al. [7] , employing the logistic regression model to determine the progress of white mold on soybean, obtained a coefficient of determination of 0.65, confirming the accuracy and reliability of the outcomes reported in the current study.
The mean rate of apparent infection for the disease severity data obtained under the different row spacings and plant populations was of 0.157 unity•day −1 . The values of rate of apparent infection varied from 0.103 to 0.321 unity•day −1 . By analyzing the angular coefficient values of the regression equation, we verified that such coefficients were related to a standard deviation of 0.051 unity•day −1 and to a coefficient of variation of 32.54%. Variations in the rate of apparent infection are associated with variations in row spacing, plant population treatments, and also with the microclimatic conditions associated to them.
The variability in the rates of apparent infection of white mold on soybean crop obtained from both incidence and severity data as a function of different row spacings and plant populations suggests that microclimatic variations occur as a result of the cultural practices adopted in this research. Thus, there is a strait relationship between the microclimatic fluctuations and rates of incidence and severity of the disease in the soybean crop.
Considering the fact that monomolecular and logistic models are those that better fit the incidence and severity data, respectively, of white mold on soybean crop for most of the cultural practices in Arapoti, PR, Brazil, such models were utilized to relate the rate of apparent infection of white mold under different environmental conditions where the experiment was conducted, with the aim of examining the contribution of each meteorological factor on the progress of the disease in the soybean plants.
The mean air temperature was the weather variable that presented the highest correlation with white mold incidence ( Table 5) , with mean R = 0.64. Thus, 64% of the progress of the disease suffered the influence of such a meteorological factor. There were no significant differences in R coefficients as a function of cultural practices. Moreover, apart from high R coefficients the mean standard deviation (0.06) and the coefficient of variation (10%) under field conditions were low.
The highest correlation between soybean white mold and TMean data was related to the effect that such a meteorological variable has on the carpogenic germination of the sclerotia, a key element for triggering the start of epidemics of this disease on agricultural crops [22] [23] . Faced with the monitoring of minimum and mean air temperatures throughout the phenological stage considered to be susceptible to the occurrence of white mold, such temperatures remained close to 15˚C and 20˚C, respectively. Temperatures within this range are favorable to carpogenic germination, production of apothecia and release of ascospores [20] [24] [25] .
Local meteorological factors, such as minimum temperature (Tmin), maximum temperature (TMax) and global solar radiation flux density (Rg) were yoked to an R coefficient of 0.37, 0.41 and 0.33, respectively. Different from TMean, the variables TMin, TMax and Rg showed high values of standard deviation and also of coefficient of variation (17.42%, 30.79% and 30.02%, respectively). However, just as well TMean, there were no variations in the R coefficients for TMin, TMax and Rg variables as a function of the different cultural practices adopted in the current study.
All coefficients of correlation obtained between local meteorological factors, such as RHMean, RHMin, RHMax, P and LWD, and the rate of apparent infection of white mold determined by incidence on soybean crop under different row spacings and plant populations were very low (R ≤ 0.20). Air temperature and relative humidity have a direct effect on the development of phytopathosystems. In the current research, air temperature was the environmental factor that promoted the highest coefficients of correlation whenever data related to white mold was examined. Nevertheless, the same response was not observed when incidence data estimated by the monomolecular model was compared to climatic data of relative humidity, precipitation and leaf wetness duration, resulting in the lowest coefficients of correlation.
The highest R coefficients obtained by comparing the incidence data of white mold to the air temperature regimes might be related to a low diurnal fluctuation of such a meteorological factor, being kept within the favorable range to the development of the pathogen throughout the crop growing season, as well as during the phenological stages susceptible to the occurrence of white mold on soybean, which refer to the stages of flowering and pod formation.
The mean value of daily air temperature throughout the phenological stages susceptible to the occurrence of the disease was of 20.2˚C, while during the first, second, third and fourth assessments their values were respectively 19.7˚C, 19.7˚C, 20.8˚C and 20.3˚C. According to Boland & Hall [26] and Pennypacker & Risius [27] , the fungus in question develops better on soybean crop when the mean air temperature is found between the range of 15˚C and 20˚C for the region of Ontario, Canada, and between 12˚C and 24˚C for Pennsylvania, USA.
Air relative humidity comprises one of the most influential environmental factors that favor the occurrence of diseases in susceptible crops, including white mold. For most of the agricultural crops, there is the need for free water deposited on the leaves surface or high values of relative humidity in the air so that the infection might be successful, being therefore such a meteorological factor the key variable for the occurrence of the disease in production fields [28] [29] . However, outcomes obtained in the current research reveal a low correlation between the incidence of white mold on soybean crop and the environmental factors, such as relative humidity, precipitation and leaf wetness duration.
One straightforward explanation that can be given to the low R coefficients associated with a regression analysis study, looking at incidence data of white mold to relative humidity, precipitation and leaf wetness duration regimes, is that such independent variables were not limiting the development of S. sclerotiorum fungus at the site in study.
According to the Köppen climatic classification, the studied site was classified as the type of Cfb-characterrized therefore as a mesothermal climate, with high humidity and with summers showing mild temperatures [14] . The overall regime of precipitation during the most humid trimester of this region in Brazil (December, January and February) varies from 500 to 600 mm. Therefore, the rainfall pattern at the region in study throughout the season in which the host is susceptible to the occurrence of white mold is high and well distributed, always matching the requirements of the pathogen for the infection.
Air relative humidity and leaf wetness duration on the surface of the plants are meteorological factors that are intimately related to precipitation regime. Thus, high amounts of rainfall and well distributed during the months of December, January and February at the studied site increase the rates of atmospheric humidity and enhance the time during which the leaves of the plants are covered by free water and remain wet in such a fashion as to favor the occurrence and development of the pathogen on soybean crop. Similar results were found by Workneh & Yang [25] , by examining the prevalence of rot brought about Sclerotinia on soybean crop grown in Central North of the USA as a function of tillage system, climate and latitudinal position. In such a research, the authors did not observe any dependence relationship between the occurrence of white mold on soybean crop and the environmental factors, such as precipitation and relative humidity in those sites where the field trials were conducted. According to the aforementioned scientists, this evidences that such meteorological factors were not limiting the occurrence of the white mold.
In compliance with our current study, Workneh & Yang [25] reported that annual variations in air temperature were more important to the occurrence of white mold on soybean crop as opposed to the patterns of atmospheric humidity and precipitation. It is appropriate to mention that limiting factors to the occurrence of white mold on soybean crop vary from site to site and year to year as a result of the variations observed in the regime of air temperature and relative humidity at a given site.
According to Monteiro et al. [30] , the differences in the values of air temperature recorded by a weather station and at the level of the canopy of a cotton crop are roughly 0.2˚C. Considering that the mean air temperature recorded by an automatic weather station in Arapoti, PR, Brazil, throughout the susceptible phenological stages to the occurrence of white mold was of 20.2˚C, such minor fluctuations of 0.2˚C would not alter the development of the fungus at the site and crop in consideration.
Coefficients of correlation between rate of apparent infection of white mold on soybean obtained from both the incidence and severity of the disease and local meteorological factors reveal that mean air temperature affected more significantly the development of the fungus than any other environmental variable taken into account in a regression study. This might be confirmed by R values of the order of 0.69. For disease severity, besides TMean, TMax showed a high correlation with the development of the disease expressed by mean values of R corresponding to 0.75. Different from TMean and TMax, the climatic factors Tmin and Rg demonstrated a low correlation with the severity of white mold on soybean crop with R values of 0.11 and 0.08, respectively.
Correlation coefficients determined between environmental factors and rates of apparent infection, obtained by means of data of incidence and severity of white mold on soybean crop, does not express the dependence relationship between the treatments considered in the current research and the progress curve of the disease. Table 6 shows that the coefficients of correlation between RHMean, RHMin, RHMax, P and LWD and rates of apparent infection obtained from severity of white mold on soybean crop, under different row spacings and plant populations, were rather low. R mean values obtained for the relationship between the environmental factors and rates of apparent infection were of 0.21 for RHMean, 0.26 for RHMin, 0.20 for RHMax, 0.08 for P, and 0.27 for LWD.
Coefficients of correlation obtained between the severity data and climatic factors, such as relative humidity, precipitation and leaf wetness duration, were higher than those calculated from the incidence data. The increase in R coefficients taking into account severity data, suggests that relative humidity, precipitation and leaf wetness duration were those variables which substantially influenced the severity of white mold on soybean crop at the studied site.
For the incidence data relative humidity, precipitation and leaf wetness duration were not limiting to the development of S. sclerotiorum at the studied site [29] . Unlike these meteorological variables when correlated to white mold severity resulted in quite high R when compared to other climatic factors. Air temperature is considered to be an environmental variable that frequently is related to biological responses and is usually a limiting factor with a great influence on the epidemiology of a given disease, mainly caused by fungus and bacteria [29] . Moreover, air temperature has a regulator effect, modulating therefore the progress of the diseases [23] .
The highest coefficients of correlation obtained from the comparison between severity and air temperatures (mean and maximum) might be related to a slight variation of such meteorological factors, remaining within the range favorable to the development of the pathogen throughout the crop season and primarily during the phenological stages susceptible to the occurrence of white mold on soybean crop, which refer to the flowering and pod formation [26] [27] .
Independently of using incidence or severity data of white mold on soybean crop, regardless of the variations in row spacing and plant population treatments, the majority of climatic factors were not very high correlated, with coefficients of correlation very low. A similar outcome was also obtained by Lulu [18] , by analyzing leaf wetness duration on grape crop and its relationship with the occurrence of mildew (Plasmopara viticola). According to the aforementioned author, correlations performed with only one meteorological factor at a time will lead to very low correlation coefficients, suggesting then that multiple regression studies could provide more sa-tisfactory results, due to a likely interaction existing among the conditioning factors of the disease.
In compliance with Fiorine [21] , the development of plant diseases should not be conditioned by only one meteorological variable by itself, but rather by the interaction among different environmental factors plus the factors and characteristics of the plants, which certainly influence the progress of the disease in production fields.
Conclusions
Among the epidemiological models employed in this research, the monomolecular and logistic regression models proved to have more accuracy in reporting the incidence and severity of white mold on soybean crop in Southern Brazil.
Mean air temperature was closely correlated to the incidence of white mold in production fields of soybean, whereas mean and maximum air temperatures were more consistently correlated to severity of this phytopathosystem, under the environmental conditions of the current study.
The low coefficients of correlation obtained between relative humidity, precipitation and leaf wetness duration, and incidence and severity of white mold on soybean crop indicate that such climatic factors did not limit the development of the pathogen in many regions of Southern Brazil, which has similar climatic conditions of the location where the experiment was carried out.
